Mivacurium chloride (BW B1090U), a new shortacting non-depolarizing neuromuscular blocking drug, has undergone initial clinical trials to evaluate its neuromuscular and cardiovascular effects [1] [2] [3] [4] [5] [6] [7] . Mivacurium is metabolized by pseudocholinesterase at a rate 70% of that of suxamethonium [8] . Because of its relatively short duration of action, mivacurium may be useful as a bolus to facilitate tracheal intubation and as an infusion to maintain extended neuromuscular block. This study of healthy adult patients undergoing surgery was designed to compare the onset of neuromuscular block and the ease of tracheal intubation after near equipotent bolus doses of mivacurium or suxamethonium, to define the infusion requirements and recovery pattern following cessation of mivacurium or suxamethonium infusion, and to test the predictive value of the time to recovery of 5% neuromuscular transmission (7 5 ) after an initial bolus in determining the infusion requirements for mivacurium or suxamethonium.
PATIENTS AND METHODS
We studied 30 healthy adults (ASA physical status I or II) aged 18-57 yr. All patients underwent low to moderate risk elective surgical procedures requiring tracheal intubation. Women After induction of general anaesthesia the ulnar nerve was stimulated supramaximally with repeated trains-of-four (TOF) (2 Hz for 2 s at 20-s intervals) via surface electrodes at the wrist. The evoked compound electromyogram of the adductor pollicus muscle was recorded using a Datex monitor. The arm was positioned on an armboard and protected from movement by surgical drapes. Temperature of the hand was not measured. A single bolus of either suxamethonium 1 mg kg" 1 or mivacurium 0.25 mg kg" 1 was administered over 5 s through a T-connector into a rapidly flowing i.v. infusion. Patients were allocated randomly to receive either mivacurium or suxamethonium.
The percent neuromuscular block resulting from the bolus and infusion of drug was calculated from the amplitude of the first of the TOF responses (Tl) at that time compared with the Tl response before drug administration. After the infusion was stopped, recovery was determined from the amplitude of the maximum, stable Tl response at the end of the study; at this time the TOF ratio (T4:T1) was greater than 0.9.
Tracheal intubation was attempted 1 min after the bolus of suxamethonium or 1.5 min after the bolus of mivacurium if at least 80% neuromuscular block had been achieved. If the block was less than 80%, the attempt was delayed until 80% block was established. Because of the study design, any cardiovascular effects of the blocking agent per se could not be distinguished from those related to laryngoscopy and intubation and are, therefore, not reported. Conditions for intubation were scored as: excellent (no resistance to laryngoscopy, no movement of the vocal cords, no movement of the diaphragm, and no coughing after intubation); good (no resistance to laryngoscopy, no movement of the vocal cords, but slight coughing or movement of the diaphragm after intubation); fair (no resistance to laryngoscopy, but movement of the vocal cords and coughing after intubation); poor (intubation could not be accomplished because of patient movement or coughing).
When neuromuscular transmission returned to approximately 7^ after the initial dose of blocking drug, a continuous infusion of mivacurium or suxamethonium was started. The infusion was continued for as long as surgical relaxation was needed. The infusion rate was adjusted to maintain neuromuscular block between 89 and 99%. Mivacurium 0.2 mg ml" 1 or suxamethonium 2.0 mg ml" 1 was delivered from a 250-ml macrodrop infusion burette (Abbott). (Solutions of mivacurium 0.5 mg ml" 1 in 5 % Dextrose are stable at room temperature for at least 48 h.) The volume of myoneural blocker infused was noted every 3 min. The infusion rate (IR) (|xg kg" 1 min" 1 ) needed to maintain block at 89-99% was then calculated. The number of 3-min epochs during which neuromuscular block was outside this range was recorded.
After the infusion was stopped, spontaneous recovery of neuromuscular transmission was observed for as long as possible. The times between cessation of infusion and recovery to 5 % (T 5 ), 25% (7 25 ), 50% (r 50 ), 75% (7 75 ), and 95% (T Sb ) of baseline were noted where available. The 5-95% (T 5 -r 95 ) and 25-75% (r M -r 7S ) recovery indices were calculated. If clinically indicated, residual neuromuscular block from mivacurium was antagonized with neostigmine and atropine or glycopyrrolate.
Standard errors are shown for all mean values. Data were analysed where appropriate by linear regression, two-tailed Student's t test, MannWhitney test, or chi-square analysis. The correlation between time from injection of the bolus of either suxamethonium or mivacurium to recovery of neuromuscular transmission to T 5 and the steady-state infusion rate was tested by a linear least-squares regression analysis. Differences were considered statistically significant at P < 0.05.
RESULTS

Bolus doses of mivacurium and suxamethonium
Sixteen patients were given suxamethonium and all developed complete neuromuscular block after the initial bolus dose. Twelve of the 14 patients who received mivacurium 0.25 mg kg" 1 developed complete block after the initial bolus dose. Two of the patients given mivacurium had less than 50 % block 90 s after the initial bolus and were given a supplementary bolus dose (0.02 and 0.10 mg kg" 1 ). Because the second dose of mivacurium was given before maximal block developed, these patients were excluded from analysis of onset time, intubation efficacy and correlation between T h and infusion rate. The mean (SEM) time from administration of the initial bolus dose to maximum neuromuscular block (onset time) was 2.5 (0.3) min for patients given mivacurium and 1.0 (0.1) min for patients given suxamethonium (table I) . The mean time from administration of the initial dose of blocking drug to recovery to T b was 17.5 (1.8) min after mivacurium and 6.4 (0.7) min after suxamethonium.
The time from administration of the neuromuscular blocker to tracheal intubation was less for suxamethonium than for mivacurium. Four of the 12 patients given a single dose of mivacurium met the criterion for neuromuscular block and underwent successful intubation 1.5 min after the dose. In eight of 12 patients < 80% blockade was present after 1.5 min and intubation was delayed. In one of these patients intubation was attempted 1.7 min after the mivacurium dose and was unsuccessful because of factors other than the depth of anaesthesia and the degree of block. This patient was therefore excluded from analysis of intubation conditions. The mean time from administration of mivacurium to successful intubation was 2.0 (0.2) min (range 1.5-3.3 min; n = 12). Thirteen patients given suxamethonium met the criterion for neuromuscular block and intubation was performed at 1 min or earlier; one patient underwent intubation 45 s after suxamethonium. Three patients given suxamethonium underwent intubation later than the prescribed time. In one patient, <80% block was present 1.3 min after the suxamethonium dose, but intubation was performed 1.5 min after the bolus dose, when 96% block was present. In another patient, the mouth could not be opened until 80 s after the bolus dose, despite the presence of complete block at 60 s. This patient's trachea was intubated successfully 80 s after the suxamethonium. He exhibited no increase in heart rate or temperature and the anaesthetic continued without incident. In the third patient, other aspects of his care delayed tracheal intubation despite the presence of 80% block 1 min after the suxamethonium. The mean time from administration of suxamethonium to successful intubation was 1.1 (0.1) min (range 0.75-2 min; n = 16). Intubation conditions were rated as excellent or good in all patients (mivacurium: excellent = 9, good = 2; suxamethonium: excellent = 12, good = 4).
One patient had transient facial flushing after the bolus dose of suxamethonium. Ten of the 14 patients given mivacurium had facial or truncal flushing, or both, after the bolus dose. Flushing in both the suxamethonium and the mivacurium- 
Infusion of mivacurium and suxamethonium
Fourteen patients received mivacurium and 16 patients received suxamethonium by infusion. The mean duration of infusion was aproximately 1 h in both groups (table II) . The mean rate of infusion needed to maintain neuromuscular block at 89-99 % of control was 7.8 ug kg" 1 min" 1 for mivacurium and 88.6 ug kg" 1 min" 1 for suxamethonium (table II) . When initial adjustments in infusion rate had been made, there was no tendency for the rate to increase or decrease systematically during the remainder of the infusion period. The average infusion rates varied widely among individual patients receiving mivacurium (table II) . There was no significant difference between the variability of the infusion rates for mivacurium or suxamethonium. The number of 3-min epochs during infusion that started and ended within desired limits (89-99 % block) were similar for the two agents (chi-square test). The number of such epochs during infusion was 155/203 for mivacurium (76%) and 128/180 for suxamethonium (71 %)• After the infusion was stopped, the rate of spontaneous recovery of neuromuscular transmission, as assessed by the 5-95 % and 25-75 % indices, was similar for mivacurium and suxamethonium (table II) . Three patients given suxamethonium showed evidence of phase II block at the time of cessation of infusion (T4:T1 ratio < 0.50). Data from these patients did not significantly change the average recovery indices for suxamethonium and are therefore included in table II. Two of these patients were given neostigmine 0.035 and 0.044 mg kg" 1 , respectively, at 94 % and 87 % recovery of T1. The TOF ratios were 0.55 and 0.52, respectively, at that time. Times of recovery of TOF ratio to ^ 0.75 were 2.3 and 3.0 min and times to Tl 5=95% were 0.6 and 2.3 min after administration of neostigmine.
In six patients who received mivacurium by infusion the TOF ratio spontaneously recovered to >0.75 by 21.4 (3.3) min (12.6-34.3 min) . Residual neuromuscular block was antagonized in five patients given mivacurium with neostigmine 0.014-0.044 mg kg" 1 at degrees of recovery ranging from 54 % to 89 %. In these patients the times from administration of neostigmine to the time when TOF ratio ^ 0.75 were 1.0 to 7.0 min and times to Tl ^ 95% ranged from 1.3 to 3.3 min.
Plasma cholinesterase activity and dibucaine numbers for all patients who received mivacurium were within the normal range (2.4-6.2 iu litre" 1 and 73-90%, respectively). Two patients who received suxamethonium had normal plasma cholinesterase activity but low dibucaine numbers (66 % and 68 %). These two patients had less than average infusion rates (60 and 40 ug kg" 1 min" 1 ). One had a shorter than average (T iS -T lb = 3.7 min) and one had a longer than average (T 2b -T lf) = 9.0 min) recovery index after cessation of infusion. Overall, there was no significant correlation between plasma cholinesterase activity or dibucaine number and time to recovery to T b> recovery indices or infusion requirements in patients given mivacurium or suxamethonium. Therefore, the results from the two patients with a low dibucaine number were included in calculation of the neuromuscular effects of suxamethonium.
Relationship of recovery time and infusion rate
The relationship between recovery to T b and infusion rate was determined for 11 patients in the mivacurium group and 11 patients in the suxamethonium group. There was a significant nega- [9] . The time from injection to maximum block (onset time) was significantly shorter after suxamethonium than after mivacurium. This may reflect fundamental differences in the mechanism of action between non-depolarizing and depolarizing neuromuscular blocking agents [10] . With large doses of thiopentone supplemented by opioids or topical or i.v. lignocaine, or both, the trachea can be intubated without blockade in many patients. However, we decided not to attempt intubation unless at least 80% neuromuscular block was present. Intubating conditions at maximum neuromuscular block were comparable with both agents. Most patients given mivacurium had facial or truncal flushing, or both, which we presume was a peripheral manifestation of histamine release [11, 12] .
After a bolus of suxamethonium, neuromuscular transmission recovered to 5% approximately 10 min earlier than after mivacurium. There was no relation between the time to recovery to T s and plasma cholinesterase activity or dibucaine number in the mivacurium or suxamethoniumtreated patients in this study. This is not surprising, as extremely prolonged neuromuscular block after suxamethonium is seen only with a profound decrease in plasma cholinesterase activity [13] . The duration of neuromuscular block after this bolus of mivacurium (0.25 mg kg" 1 ) appears to be approximately 50% the duration of block after intubating doses of atracurium 0.4-0.5 mg kg" 1 or vecuronium 0.10-0.14 mg kg" 1 [14] [15] [16] [17] .
In order to achieve quickly a steady-state plasma concentration of drug and, hence, a uniform degree of neuromuscular block, we began the infusion of relaxant after demonstrating the onset of recovery of neuromuscular transmission from the initial bolus dose. This study suggests that the initial infusion rate for an individual patient can be estimated from the time to 5 % recovery after a bolus dose of four times the ED 95 of either mivacurium or suxamethonium and the appropriate regression equation. In clinical practice, T b is the time when the first twitch of the train-of-four is again palpable. Because of the four-to six-fold variation in individual infusion requirements, the infusion should thereafter be titrated to the response of the patient. Individual variability in the average infusion requirement has been noted also for atracurium and vecuronium [18] [19] [20] [21] [22] . Neuromuscular block was maintained easily and controlled within a narrow therapeutic range for both suxamethonium and mivacurium administered with a simple infusion device. The infusion requirement was approximately 10-fold greater for suxamethonium than for mivacurium.
The recovery indices (T 2& -T 7i ) after infusions of suxamethonium or mivacurium were approximately 6 min. The recovery index of mivacurium after a bolus dose is also about 6 min [1] . The recovery index of mivacurium thus appears to be independent of dose given as either a bolus or an infusion. The recovery index of suxamethonium after an infusion appears longer than that from a single dose [23] and is presumably related to the gradual development of a phase II block.
Mivacurium has a longer onset time than suxamethonium and may be associated with a greater incidence of histamine release after rapid bolus administration. The duration of action and rate of spontaneous recovery appear to be markedly shorter for mivacurium than for any currently available non-depolarizing neuromuscular blocking agent. Maintenance of continuous blockade by infusion is accomplished as easily with mivacurium as with suxamethonium and is not accompanied by the phase II block associated with suxamethonium. Individual infusion requirements can be estimated from the time to T & recovery after an initial bolus.
